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Umted States Patent Office

2,933,750
MAGNETIC CABLE

Nicholas C. Christofilos, Beach Drive,
Lake Ronkonkema, N.Y.

Flled Sept. 4, 1956, Ser. No. 607, 841
13 Claims. (Cl. 328———233)

This application is a continuation-in-part of 'my cO-

pending application, Serial Number 342,774, filed March
17, 1953, now abandoned, for a Magnetic Cable.
’Ittus 111ve11t1m1 relates to the guidance of fast charged
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Patented Sept. 20 1960
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- the magnetic cable of the invention ceﬁiprises a tube 1

constructed of a permanent magnetic material such as
Ah:uce, Cunico, and others. The interior 2 of the tube 1
is evacuated in any conventional manner so that fast
charged particles traveling therethreugh in an axial di-

- rection may undergo a minimum number of collisions

~ 10

with gas molecules or atoms, The tube 1 is preferably
enclosed by a thin metal sheet 3 having high permeability,
and the tube 1 and sheet 3 are in turn enclosed by .a layer -
4 of lead-alloy in order to assure vacuum tightness of the

- - evacuated space 2.

15

The magnetic flux denalty within the evacuated space 2
must satisfy Maxwell’s equations. Since the invention
is concerned with the focusing field acting on the charged
particles traveling therethrough, rather than the resultant

- field produced by both the tube 1 and the charged par-

particles, and in partzcula:r to @ hollow cable which is

permanently magnetized in such a way as to guide fast
charged particles axially therethrough.
Such a magnetic cable has many useful appheatlens

For example, the magnetic cable may be used in com-

bination with a charged-particle accelerator in order to

maintain the charged particles as a beam of small trans-

verse dimensions during the acceleration. The magnetic
cable may also be used to *guide a high-intensity beam, of
fast charged particles for various purposes, such as in-
jection into any kind of apparatus where fast particles are
needed in considerable intensity for industrial applica-
tions, or guiding an electron beam against a target to
produce X-rays or to cut or weld materials. The mag-
netic cable may also be used for the transmission of fast
particles over long distances and in vartous ether ap-.
plications.

The invention together Wlﬂ’l further ob]ects and advan-~

tages thereof may best be understood by reference to the
following detailed description thereof, having reference
to the accempanymg drawings, in which:

Fig. 1 is a view in cross-section of a magnetic cable em-
bodying the mventlon, |

Fig. 2 is a view in cross-section of a device by means

of which the magnetm cable of Fig. 1 may be magnetlzed
Fig. 3 is an end view of the device shown mm Fig. 2;°
Fig. 4 is a somewhat diagrammatic plan Wew of the
device shown in Fig. 2;
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ticles, the electric current within the tube 1 is taken as zero
in Maxwell’s equations, which then become: ,

(1)
(2)

Since any vector whose curl is zero may be expressed as.
the gradient of a scalar function, it follows from Equation
1 that the magnetic flux density B may be expressed as
the gradient of a scalar potentlal Q, 50 that

vB:O

substitution of Eqwatlon 3 in Equatmn 2 results m La-
place’s equation:

720=0 (4)

Solutions of Laplace’s equation are derived in numerous
textbooks. In amally symmetric fields where the field

. varies along the axis smuseldally the general solution of

40
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Fig. 5 is a vertical section of a portmn of a charged-

partlele accelerator embodying the invention and includ-
ing a length of magnetic cable which has been formed
into a coil and which has been severed so as to provide
gaps across which charged particles are accelerated;

b0

Fig. 6 is a plan view of the charged-particle accelerator -

a portion of which is shown in Fig. 5, wherein the eharged
particles are accelerated by magnetic induction; -
Fig. 7 is a plan view of a charged-particle accelerator

56

similar to that shown in Fig. 6, but wherein the charged

particles are accelerated by radle frequency cavities;

Fig. 8 is a diagrammatic view of the power-transmitting
section of a 3-phase transnussmn network embodylng the
invention; |

Fig. 9 1s a vertical seetmn of a portmn ef one of the
power-trans itting transformer units of Fig. 8; -

Fig. 10 is a schematic representation of the electric
circuit of a 3-phase transmission network embodying the
invention; |

Fig. 11 is a dlagrarmnatle view of one form of trans-
former unit suitable for use in one of the sub-stations of
the transmission network of Fig. 10; and | |

Fig. 12 is a diagrammatic view of another ferm of
transformer unit suitable for use in one of the sub-sta-
tions of the transmission network of Fig. 10.

Refemng to the drawmgs, and first to F:tg 1 thereof I_

Laplace’s equation is: |
Q=aIn(Kr) cos (ne+Kz)

(%)
where |

| 2w
K=x ,
I,=the Bessel function of order n» Wlth 1m|agu1ary argu-
ment

(L. In(x)= =In(ix))

¢=a constant detemuned by the boundary condmens

Substituting Equation 5 in Equatlon 4, the three field
cemponents are: |
B, — — Kol (Kr) cos w0+K)  ®
Bg=- n(I{r) sin (nB+Kz) NG
B =KaIn(Kfr) sin (nﬂ—I-Kz) : '. (8)

60
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where In (Kr) is the first derwatwe of 1, Wlth respect to

(Kr). Expandmg In(Kr) 111 series: - |
1 (K?‘)“ f (Kr)? ' | 1 N
LK) =5 4(a+1)Jr ] o (%)

As a practlcal matter A W111 always be very much larger

~ than the radius of the evacuated space 2, SO that -

0

ngﬂ'«l

. 10)

and therefore the hlgher-erder terms of the serics m Equa- |

1.1...-
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tion 9 may be neglected. Equations 6, 7 and 8 may now
be rewritten as follows:

b

10

B, = _HK&ZIEﬁTEI;! cos (n4 Kz) (11)
n—1 -
Bﬂ:K“’g‘]EiTl 1')1 sin (nf- Kz) (12)
By=Ea'oa sin (no+ K (13)
At =0, z=0, r=ry let Br= -?Bu'. Then, from Equa-
tion 11: |
KaKr-l B,

28 (n— 1) !;rgﬂ"l (14)

Substituting Equation 14 in Equations 11, 12 and 13:

B,=— Bg(%)nml cos (nf+ Kz) (15)
Bi=By( =) sin (n0+K2) (16)
B, == Bg(-%z)(%)n_l sin (n8+ K2) (17)

Since the amplitude of B, is
| Kr
n

times the amplitude of the two other components, B, and
By, 1t may be neglected in view of Equation 10. The
simplest field pattern is obtained by setting n=2 in Equa-
tions 15 and 16; when this is done, there result the fol-
lowing equations: |

7 o 212\
B,=— By - cos (29+-T

(18)
T . 27z
By= Bﬂ E 811 (23+T (19)

where

ro=the radius of the c¢ylindrical evacuated space 2 in cen-
timeters -

B,=the magnetic flux density at the radial distance r,
from the axis of the evacuated space 2 in gauss

B,=the tangential component of the
at the point (r, ) in gauss

B,=the radial component of the magnetic flux density af
the point (r, ) in gauss | |

r=the radial distance of the point (r, 9) from the axis of
the evacuated space 2 in centimeters -

#=the counterclockwise angular displacement of the point
I, 8) from the reference axis (shown as extending hori-
zontally to the right in Fie. 1) in radians

z==the distance, measured along the axis of the evacuated
space 2, between the transverse plane in which the
point (r, #) lies and the reference plane z==0, in cen-
timeters. In the following description said reference
plane is taken as the plane of the drawing, and the
Z-axis is taken as extending into the drawing and per-
pendicular thereto

At any point along the length of the tube 1, the mag-
netic field in the evacuated space 2 defined by Equations
18 and 19 is similar in direction and density distribution
to that produced in the armature space of a four-pole
direct-current generator. It is therefore evident that the
tube 1 may be magnetized by relatively simple apparatus,
and one embodiment of such apparatus will be described
in detail hereinafter. |

Referring to Fig. 1, the B field is therein shown by
broken lines having directional arrows. It will be ap-
parent that the B-field lines within the evacuated space

agnetic flux density
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20

20
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hyperbolas such that in each pair the direction of the
B-field lines are mutually opposite. It may be observed
that the magnitude of B is a function of » only and not

of 8, whereas the direction of B is a function of ¢ only
and not of r. It may also be noted that the components
of B in rectangular coordinates take the simple form:

B,=—2% (20)
7o
B

B, =__;_Qy (21)
0

where the X-axis extends horizontally to the right and
the Y-axis extends vertically upwards as shown in Fig. 1.

Since the charged particles travel fast through the mag-
netic cable, 1t is possible to neglect the transverse compo-
nents of the velocity of the charged particles and to as-
sume that the velocity vector is always directed parallel
to the axis of the magnetic cable. Then the lines of force
lie in the plane of Fig. 1 and comprise a second family
of pairs of equilateral and conjugate hyperbolas having
an angular displacement of

m

4
with respect to the first family. If the velocity vector is di-

~ rected mto the drawing, then said angular displacement

30

will be counterclockwise for electrons and clockwise for
positive ions. |

- The B-field pattern shown in Fig. 1 is maintained
throughout the length of the magnetic cable, except that

. 1t 1s rotated about the axis of the tube 1 as indicated by
- Equations 18 and 19.

40

45

50

65

60

70

According to the principles of “strong focusing,” a
magnetic field in the evacuated space 2 of the type de-
scribed by Equations 18 and 19 will accelerate the fast
charged particles, which are traveling axially therethrough,
towards the axis of the evacuated space 2 from all direc-
tions so as to focus said charged particles if the value
of u does not exceed 0.44, where w is defined by the fol-
lowing equation:

150H )2

“=41r2rgﬁV (22)

where

V=the total energy per unit charge of the charged par-
ticles in volts: that is, the sum of the kinetic energy per
unit charge and the rest energy per unit charge of the

“charged particles in volts. Thus, for 2-Mev electrons
V- would be 2,510,000 volts. The total energy of a
particle of mass m; grams is mc? ergs. If the particle
has a charge of e coulombs, then the total energy may
be expressed in volts by means of the relation:

mici=eV - 107 (23)

H.==the coercive force of the material of which tube 1
1s composed in oersteds

B==the velocity of the charged particles divided by the
velocity of light in vacuo (dimensionless) |

A=the wavelength which appears in Equation 18 and
19 in centimeters | |

The principles of “strong focusing” are set forth in an
unpublished manuscript by the present inventor entitled
“Focusing System for Ions and Electrons and Application
in Magnetic Resonance Particle Accelerators,” prepared
in early 1950, and in my co-pending application, filed
March 10, 1950, Serial Number 148,920, now U.S.
Patent No. 2,736,799. The principles of “strong focus-
Ing” may be briefly summarized as follows:

A strong-focusing field of. force may be defined as g

- field of force which in any plane transverse to the pre-
- determined orbit in which the beam of charged particles

Z comprise a family of pairs of equilateral and conjugate 2

is to be focused includes both focusing and defocusing
forces, and which varies in the dimension parallel to the
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oibit in such a way that each particle alternately experi-
ences focusing and defocusing forces in cyclic fashion, the
mean value of the former exceeding the mean value of
the latter in each cycle. A focusing force may be defined
as a force having a component directed towards the
orbit; a defocusing force may be defined as a force having
a component directed away from the orbit. If the field
of force varies periodically in the dimension parallel to
the orbit, then the integral of. the force over any cycle
along a line parallel to the orbit is equal to zero. How-
ever, the particles under the influence of the alternating
field undergo forced oscillations normally to their orbit,
such that each particle reaches a maximum distance from
the orbit when it is in a focusing field and a minimum
distance from the orbit when it is in a defocusing field.
If the field strength increases as the distance from the
orbit increases, then the mean value of the radial forces
exerted on the particles over any cycle is not equal to
zero, but is directed towards the orbit. .

The magnetic field defined by Equations 18 and 19 pro-
duces a strong-focusing field of force with respect to fast
charged particles having a velocity component substan-
tially only in the Z direction; 1.e., the transverse velocities
of said charged particles are small. The invention is not
limited thereto, but includes all other strong-focusing
fields of force which can be produced by appropriate
permanent magnetization of a magnetic cable. However,
the magnetic field defined by Equations 18 and 19 has
been selected to illustrate the invention because of its
relative simplicity for purposes of analysis and manu-
facture. |

Equation 22 may be derived from Equation 10 of said
US. Patent No. 2,736,799. Said Equation 10 is as
follows: | o

. _67\2
eV

where e=the force per unit charge at a unit dist-anc_é from
the orbit in volts/cm.? | :

(29)

From the definition of e, it is clear that in the magnetic
cable | - | S

__3008B

ro

e (25)
Since B, can be increased by using magnetic' materials of
high coercive force, it is apparent that B is a function of
H,; and I have determined from experiment that

In experiments performed by me to date, Equation 26
has been accurate within =20%. | o
The magnetic cable need not lie in a straight line, but
the radius of curvature of the axis of the magnetic cable
must be large enough so that the centrifugal force on
the charged particles is compensated by the focusing
force of the magnetic cable. The mean value of the focus-
ing force is given by Equation 28 of the aforementioned
US. Patent No. 2,736,799, and the minimum permissible
radius of curvature is obtained by setting this mean value
equal to the centrifugal force and assuming that the
maximum permissible deviation from the orbit is r=%2ry.

- (27)

where Runin=the minimum permissible radius of curvature
‘of-the axis of the magnetic cable in centimeters -

Substitution of Equations 24, 25, and 26 in Eqﬁation 27
results in the following equation: . SR

leﬂ“—Tﬂ[leuh : o

Since the value of x must not exceed 0.44, the maximum

(28)

permissible wavelength Apax may de. obtained. by. substi-
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6
tuting 0.44 for 1 and Amax for A in Equation 22 and solv-
ing fOr Amax: . S

o [o.a4pV
Apax = 27T0 150 H.7o

(29)

A device by means of which the tube 1 may be mag-
netized in accordance with the invention is shown in
Figs. 2, 3 and 4. Fig. 21s a cross-section along the line
22 of Fig. 4, and resembles the cross-section of a four-
pole direct-current generator of which the armature has
been replaced by the tube 1. In Fig. 2 as in Fig. 1 the
B field is shown by the broken lines having directional
arrows. Thus the ends of the two pole-piece § (shown as
extending horizontally in Fig. 2) which abut against the
tube 1 are north poles, while the ends of the two pole-

pieces 6 (shown as extending vertically in Fig. 2) which

abut against the tube 1 are south poles. The magnetic
circuit is completed by a tubular yoke 7 surrounding the
pole-pieces 3, 6. o o S
In order to produce the hereinbefore-described rotation
of the B-field pattern along the axis of the magnetic cable,
the pole-pieces 3, 0, are constructed so that the ends
thereof which abut aginst the tube 1 describe helices, as
shown by the broken line 8 in Fig. 4 which constitutes a
trace, on the outer surface of the tubular yoke 7, of the
axis 8’—8’ (Fig. 2) passing through the south-pole-pieces
6. It is apparent from Equations 18 and 19 that the B-
field pattern completes a cycle in a length z=2; and 1t is
apparent from Figs. 2 and 4 that the B-ficld pattern com-
pletes a cycle after the pole-pieces 5. 6 have been rotated
through = radians. Therefore, the pitch of the helix 8
(Fig. 4) should be equal to 2\, but the length of the mag-
netizing device need not exceed A, and in Fig. 4 the length
of the magnetizing device, comprising the pole-pieces 5,
6 and the yoke 7, is shown as equal to M. The mag- |
netizing device is magnetized by means of coils, shown
in Fig. 2 as comprising four coils 9, 10, 11 and 12, each
of which is wound about one of the four pole-pieces 3,
6. The manufacture of a permanent magnet of the type
nsed in this invention requires a material having a high
coercive force; and, in order to maximize the magnetic
flux density B inside the evacuated space 2, the magnetiz-
ing field produced by the coils 9-12 should be as high
as possible. Thus, for example, the coils 9-12 may be
energized by discharging a condenser bank connected to
said coils by means of a thyratron tube, in order to achieve -
the high current necessary to create a large magnetizing
field. The necessary magnetization may be effected dur-
ing a single current pulse, so that only a short period of
time is necessary to magnetize a length of cable equal
to the length of the magnetizing device. Considerable
lengths of magnetic cable may thus be magnetized by
treating in sequence a series of lengths equal to A or some
integral multiple of A, depending upon the length of the
magnetizing device. B - B
After magnetization the tube 1 may, if necessary, be
suitably treated to retain the magnetism, and thereafter
is covered with the sheets 3 and 4. However, such treat-
ment to retain magnetization will generally not be neces-
sary, since manufacturers of permanent magnetic ma-
terials deliver such materials already heat-treated.
Magnetizing techniques are well known in the art and
need not be elaborated upon here in detail. - .
The outer diameter of the magnetic cable depends on
radius r, of the evacuated space 2, said radius ry being
selected so that the magnetic field produced at the tube 1
by the current of high-energy charged particles traveling
in the evacuated space 2 cannot distort the focusing field
by magnetization or demagnetization of the permanent
magnet 1. If | |

H;=the -agnetic field produced by the cﬁarged-paftiélé
*current in oersteds o o |
i=the charged-particle current in amperes
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{
then the foregoing requirement may be expressed as
follows: |

Hi=—<H, (30)

5?‘{}
Thus, for example, even for an electron beam current of
20 amperes and a diameter of 2ry of the evacuated space
2 (1e. the mner diameter of the magnetic cable) of only
Y& 1nch, H; equals 8 oersteds and so is much less than H,,
which is equal to about 600 or 700 oersteds for the ma-
terials hereinbefore mentioned. |

By combining the magnetic cable of the invention with
appropriate means for accelerating charged particles, such
as are well-known in the art, a charge-particle accelerator
may be constructed which is capable of producing beams
of considerable intensity. Such a charged-particle ac-
celerator, constructed in accordance with the invention
will accelerate charged particles in an orbit which is sub-
stantially circular but open, and comprises a magnetic
cable which is severed so as to form a plurality of gaps
spaced along the length thereof. The magnetic cable is
permanently magnetized as hereinbefore described.
Charged particles are injected into one end of the mag-
netic cable and are ejected from the other end thereof.
As the particles travel from one end of the cable to the
other, they are accelerated by conventional charged-par-
ticle-accelerating means each time they cross a gap, and
so their energy is increased stepwise. Accordingly, the
wavelength of the magnetic sections of the cable is in-
creased after each gap, so that the strong-focusing action
is maintained throughout the length of the cable despite
the change in energy of the particles.

A suitable combination of the magnetic cable of the
Invention with conventional charged-particle-accelerating
means 1s shown in Figs. 5 and 6. Referring thereto, a
length of magnetic cable is coiled in substantially helical
form within a toroidal sheath which includes aliernate
insulating: sections 13 and conductive sections i4. The
toroidal sheath 13, 14 thus constitutes a conductive loop
which 1s severed so as to form at least one gap therein.
The
tion 13 so as to form a plurality of gaps in the magnetic
cable 13. Actual physical insulating sections of cable are
not required, owing to the fact that the entire toroidal
sheath 13, 14 is evacuated by conventional vacuum pumps
16. By evacuating the apparatus in this manner, one
avoids the low pumping speed that would result from
attempting to evacuate a single integral length of cable.
The width of the insulating sections 13 is relatively small,
so that the gaps between consecutive segments of the mag-
netic cable 15 are small enough so that the beam of
charged particles is not appreciably defocused in travel-
ing across said gaps. Each conductive section 14 of
the sheath terminates in conductive end-plates 17 which
are perforated with the same number of holes as there
are turns in the severed length of magnetic cable 15,
Each conductive section I4 of the sheath thus acts as a
Faraday cage, so that a substantially field-free space or
drift space exists therewithin. Each magnetic section 15
within the conductive section 14 is electrically connected
to the conductive section 14 in some appropriate manner,
and each end of each segment of the magnetic cable 15
is positioned opposite one of the holes in the adjacent
end-plate 17. | |

While it frequently may be convenient to provide the
sheath 13, 14 with only one insulating section 13, it will
in general be desirable to have a plurality of gaps in the
magnetic cable 15. - o

- Any appropriate means for accelerating charged par-
ticles across the gaps at the insulating sections 13 may
be used, and two such means are illustrated in the draw-
ings. . In Fig. 6, the charged particles are accelerated
by means of the betatron principle, Fach conductive
section 14 is at least partly encircled by a ring 18 of
suitable ferromagnetic material which is energized by a

agnetic cable 15 is severed at each insulating sec-
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8

primary coil 19 which is connected to a suitable source
20 of A.C. voltage. The sources 20 are all operated in
phase with one another. Thus the torojdal sheath 13,
14 constitutes a single loop through which the total
magnetic flux generated by all the primary coils 19 passes,
and in this respect the sheath 13, 14 is similar to the
secondary coil of a conventional transformer.

Charged particles are injected at one end of the m ag-
netic cable 15 by means of a suitable mjector 21 at
about a few tens of kilovolts or more, depending on the
current desired. The injection voltage should be high
enough, at the current desired, so that space charge
limitations constitute no problem. Each turn of the
severed length of magnetic cable 15 constitutes a loop
encircling the total flux produced by the primary coils
19, and the total E.M.F. per turn, assuming a sinusoidal
variation of the flux in the primary coils 19, is

—w¢*10—8 cos wt volts

where

w=the angular frequency of the A.C. in the primary
coils 19 in radians per second

¢==the maximum value of the total flux embraced by the
loop in maxwells

Since there is practically no voltage drop along each
conductive section 14 of the toroidal sheath, substantially
the entire EXM.F. appears across the gaps at the insulat-
ing sections 13. The charged particles then emerge
from the severed length of magnetic cable 15 with maxi-
mum energy: |

Nwe+10-8 electron volts

where N=the number of turns of the severed
magnetic cable 15.

Such an accelerator has definite advantages over the
conventional betatron, which requires a guiding field.
In the accelerator of the invention, the magnetic cable
provides the guiding field. This eliminates the necessity
for the additional magnetic field and also the necessity
for proper adjustment of the magnetic flux and rate of
change thereof during the acceleration process. More-
over, the magnetic cable provides a focusing action
which is very much stronger than that provided by the
conventional betatron.

An alternative means for accelerating charged particles
through a magnetic cable is shown in Fig. 7. Referring
thereto, a reentrant-type resonant cavity 22 is provided
between consecutive conductive sections 14, with the
adjacent conductive sections 14 and end-plates 17 pro-
viding a major portion of the boundary of the cavity 22,
The cavities 22 are appropriately excited to accelerate
charged particles across the gaps between the conduc-
tive sections 14, and if there are many cavities they
should be driven in proper phase relationship with one
another, as by connecting them all to the same RFE
power source 23. In order that the charged particles may
arrive at each cavity 22 in proper phase relationship
with the radio-frequency field, the frequency of revolu-
tion of the charged particles in the toroidal sheath 14
should be constant. Consequently the length of the
segments of the magnetic cable 15 increases from the
injector 21 to the other end of the helical, severed
length of magnetic cable 15, in order to compensate for
the increase in velocity of the charged particles. Of
course, as this velocity approaches the velocity of light
in vacuo, the increase in velocity per turn becomes VEry
small. | |
- For example, if there are two cavities, as shown in
Fig. 7, which are driven in phase with each other, then
the length of the path traveled by the charged particles
from the center of the gap in one cavity to the center
of the gap in the other cavity should be NgL, neglecting
velocity changes in the gaps, where L is the free space
wavelength of the high-frequency oscillations in the cavi-
ties. If there is a phase shift of 180° between the two

length of
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cavities, then the length of the path betwccn the centers
of the gaps should be 15 NBL.

Unlike the magnetic induction accelerator of Fig. 6,
it is not necessary to have actual physical insulating sec-
tions 13, since the resonant cavities 22 create an elec-
tric field between the conductive sections 14 without
the necessity therefor. The vacuum pumps (not shown)
which are used to evacuate the resonant cavities 22 may
also serve to evacuate the toroidal sheath 14, since the
conductive sections 14 and the resonant cavities 22 to-
gether form a single vacuum-tight enclosure. |

After charged particles have been accelerated by such
an accelerator, they may be transmitted through a mag-
netic cable over relatively long distances; and, on ar-
rival at a remote location, the charged particles may be
caused to iravel through a device similar to such an
accelerator in reverse so as to produce eleciric power.
Thus, one aspect of the invention is its use for the
transmission of power over relatively long distances: i.e.,
the 'magnetic cable can be used as a power transmission
line. For power-transmission purposes one would use
standard frequencies, such as 25 cycles per second for
railroads or 60 cycles per second for other uses. At
these low frequencies the apparatus of Fig. 7 would not
be feasible, consequently, magnetic-induction accelera-

tion, as shown in Fig. 6, would be used. As:a general

rule, induction acceleration would always be used for
relatively high power units, with the resonant cavity
technique being limited to high frcqucnmcs and relatively
low power units.
Referring now to Figs. 8 and 9, a suitable power-
transmitting station would comprise, for example, three
transformer units 24, so as to give a 3-phase network.
Fach transformer unit 24 would be similar to the in-
duction-type accelerator hereinbefore described, except
that each transformer unit 24 has two severed Iengths
25, 26 of magnetic cable constituting ‘“secondaries,”
rather than the single length 15 shown in Figs. 5, 6 and
7. One “secondary” 25 has an electron gun 27 at one end
thereof; and the electron gun 27 is pulsed by a conven-
tional pulsing circuit 28 once per cycle so that the elec-
trons ejected from the electron gun 27 are accelerated
by the betatron effect up to tens of mev. The other end
of the same “secondary” 25 is connected to one 29 of
three transmission lines 29, 38, 31, each of which com-
prises a magnetic cable as hereinbefore described; and
the other end of that transmission line 29 will be in gen-
eral connected to one of the
of the 3 transformer units 24. The returning end of each
transmission line 29, 36}, 31 is connected to that trans-
former unit which is in proper phase so that as the re-

turning high-energy electrons, which constitute a pulsed

beam, cross each insulating section 32, they induce a
varymg flux which links the primary coﬂs 33 and which
is in proper phase so as to return power to the A.C.
generator 34 feeding the primary coils 33.

injection energy, which is a few tens of kilovolts. This
energy must be c:hsmpatcd and so the decelerated elec-
trons are directed Jagamst an adcquatcly ccc—lcd collcc-
tion cup 35.

The total length of each trans
should be a multiple of

nission line 29, 30, 31

6

where L is the free space Wavclcngth of the cpcratmg

“secondaries” of another

In this
manner the electrons are decelerated to at most their
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frequency, so that the electrons return to each trans-

former unit 24 out of phase with the electrons leaving
that transformer unit by a multiple of 180°. The e¢lec-
trons being decelerated are caused to travel in the same
or opposite sense as the electrons being accelcrated de-
pending upon whether the phase dlﬁercncc is an cdd c=r

even multiple of 180° respectively.
Referring now to Figs. 10, 11 and 12, power is extracted

70

75

be deflected away from the predetermined orbit.

10 -
from each of the transmission lines 29, 30, 31 at the
remote stations 36, and the circuit operates as a constant-
current variable-voltage network. If only a small amount

of power is to be consumed, the sub-station 36 may com- N

prise merely a single insulating section 37, as shown in
Fig. 11, with a magnetic ring 38 around the transmission
line 29 in the vicinity of the insulating section 37, the
ring 38 in turn being encircled by a coil 39. If the coil
39 is open, there is no change in the electrons’ energy.
If there is 'power consumption, the back E.M.F. produced
by the current in the coil 39 slows down the electrons and
thus absorbs power from the electron beam.

If a large amount of power is to be ccnsumcd the
substation 36 may comprise a multi-turn transformer 40
as shown in Fig. 12 which is similar to the induction-type
accelerator hereinbefore described, except that the injector
21 is omitted, the incoming electrons are directed from
the transmission line 29 directly into the severed length
of cable 41, and the wavelength \ of the magnetic cable
41 does not vary along the length thereof, but is selected
so as to provide focusing action for the required energy
range. - Thus, for example, the network might be designed
so that each transmitting transformer unit 24 ejects elec-
trons at 100 mev., and the power consumption might
be limited so that the electrons return to the transmitting
transformer units 24 with energies of at least 50 mev.
Then the transmission lines 2%, 39, 31 and remote station

36 would be designed with a wavelength A and a radius
of curvature R such that electrons having an energy be-

tween S0 and 100 mev. will be focused, in accordance
with Equations 28 and 29. | | |
The electrons are sent through the transmlsswn lines

29, 30, 31 as a beam which is pulsed both in cncrgy and

in current, since both the generator 34 for the primary

coils 33 and the circnit 28 for the electron gun 27 pro-
vide a pulsed output.

The primary coils 39, 42 of the
substation transformers 36 are equipped with capacitances

- 43 so as to constitute a resonant circuit, and thus deliver

power to the load 44 in sinusoidal form. The capacitance
43 may comprise a condenser or a synchroncus motor
which has been properly excited to appear as a capacitive
load. This circuit resembles Class C operation of elec-
tron tubes, in which an impulse of current through the
tube durmg a small part of the perlod gencratcs a sine
wave in the output resonant circuit. It is not necessary
that the primary coils 33 of the transmitting transfcrmcr
units 24 be part of a resonant circuit.

Since the transmisison lines 29, 30, 31 must be evacu-

ated throughout their lengths, vacoum pumps 45 will be

required at intervals along the transmission lines 29, 30,
31. Preferably such vacuum pumps 45 are of the type
in which the gettering action of evaporated tltamum 18
used in conjunction with an lonizing discharge.

- The total length of each transmission line is limited by e

misalignments causing errors in the uniformity of the
magnetic field, and by the scaitering effect of residual
gas., These events may cause the charged particles to

such deflection away from the orbit, the focusing action

of the magnetic cable causes the so-deflected particle to-
follow a path which oscillates, with respect to the orbit,

with the Wavclcngth A which appears in Equations 18 and -
19. Since there is a net focusing action associated with -
these oscillations, as hereinbefore described, there will
be superimposed upon these oscillations an additional

oscillatory movement which will be referred to herein o

as “free” oscillations and which have a wavelength given

by Equation 32 of said U.S. Patent No. 2,736,799, as

follcws o
.

Thc amphtudc of thcsc “free” cscﬂlatlcns increase con- -

tmucusly Wlth mcrcasmg length along the cablc by

- After
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amount which depends on the technical quality of 'the
manufacture of the magnetic cable. Since the “free”
oscillations are initiated . by random events, their ampli-
tude increases as the square root of the 1ength of the
cable.

On the other hand, these oscillations of the eharged
particles result in their moving in paths which are curved,
so that the charged particles undergo classical (Schwinger)
radiation loss which tends to damp these oscillations. If
the quality of construction of the transmission line is
such that the radiation damping compensates the “free”
oscillations, there is no limit to the length of the line.

As the energy of the charged particles along the orbit
increases, radiation damping increases and the gain per
unit length of orbit in the transverse energy of the
charged particles, which gain is due to scattering and
misalignments, decreases. It is therefore desirable to
transmit charged particles through each transmission line
at relatively high energy. As hereinbefore stated, one
might inject electrons mto each transmission line at 100
mev.; and at maximum power consumption, the electrons
might return to the power-transmitting unit with at least
50 mev.
the returning electrons is not lost, but is returned to the
power generator. By increasing radiation damping and
decreasing scattering effects, operation at relatively high
energy thus increases the maximum permissible length
of the line.

Having thus described the prmc1p1es of the invention,
 together with several illustrative embodiments thereof, it
is to be understood that although specific terms are em-
ployed, they are used in a generic and descriptive sense
and not for purposes of limitation, the scope of the 111-
vention being set forth in the fellowmg claims.

I claim:

1. Apparatus for the guidance of fast charged partlcles
along a predetermined orbit, comprising an evacuated
tubular member which is permanently magnetized in such

a manner that the azimuthal component, with respect to.

the longitudinal axis of said evacuated tubular member,
of the magnetic flux density therein increases in magni-
tude with increasing distance from said axis and is an
alternating and periodic function of position along said
axis and azimuthal positicn with respect to said axis.

2. Apparatus for the guidance of fast charged particles
along a predetermined orbit, comprising an evacuated
tubular member which is permanently magnetized in
such a manner that the azimuthal component, with respect
to the longitudinal axis of said evacuated tubular mem-
ber, of the magnetic flux density therein increases in
magnitude with increasing distance from said axis and 1s
an alternating and periodic function of position along
said axis and azimuthal position with respect to said axis,
the periodicity along said axis of said azimuthal compo-
nent of the magnetle flux density being charaetenzed by
a wavelength which is not more than

2w, {0.448V /150H )

where V is the sum of the kinetic energy per unit charge

and the rest energy per unit charge of the charged parti-
~ cles in volts, 8 is the ratio of the velocity of said charged
particles to the velocity of light in vacuo, r, 1s the inner
radius of said evacuated tubular member in centimeters,
and H, is the coercive force of the magnetic material of
said evacuated tubular member in oersteds. |
3. Apparatus for the guidance of fast charged particles
along a predetermined orbit, comprising an evacuated
tubular member which is permanently magnetized in such
a manner that the azimuthal component, with respect to
~ the longitudinal axis of said evacuated tubular member,
of the magnetle flux density therein Increases in magm—
tude with increasing distance from said axis and is an
alternating and periodic function of position along said
axis and azimuthal position with respect to said axis, the
periodicity along said axis of said azimuthal component

It will be recalled that most of the energy of
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of the magnetic flux density being eharactenzed by a
wavelength which is not more than

2o (0.448V 7 150H 1) %

- sald axis being a line whose radius of curvature thmugh—

out the length of said evacuated tubular member is.
greater than r,(8V/12H\)?, where V is the sum of the
kinetic energy per unit charge and the rest energy per
unit .charge of the charged particles in wvolts, 8 is the
ratio of the velecﬂy of said cbarged partzcles to the
velocity of light in vacuo, r, is the inner radius of said
evacuated tubular member in centimeters, H, is the
coercive force of the magnetic material of said evacu-
ated tubular member in oersteds, and A is the wave-
length associated with the periodicity along said axis of
said azimuthal component of the magnetic flux density.

4. Apparatus for the acceleration of charged particles
along a predetermined orbit, comprising an evacuated
tubular member including a plurality of mutually insu-
lated sections, said sections being permanently magnetized
in such a manner that the azimuthal component, with
respect 10 the longitudinal axis of said evacuated tubular
ember, of the magnetic flux density therein increases
in magnitude with increasing distance from said axis and
1s an alternating and periodic function of position along
said axis and azimuthal position with respect to said axis;
means for injecting charged particles into said evacuated
tubular member along said axis; and means for produc-
ing an electric field along the gap between adjacent sec-
tions which is adapted to accelerate charged particles
along sald axis, said evacuated tubular member being
cotled in such a way that a single electric-field producing
means can be used to create the necessary electric field
between more than ome pair of adjacent sections, the
periodicity along said axis of said azimuthal component
of the magnetic flux density being characterized by a
wavelength which is not more than

21+, (0.448V / 150H 1) %

said axis being a line whose radius of curvature. throagh-
out the length of said evacuated tubular member is
greater than r,(8V/12H )2, where V is the sum of the
kinetic energy per unit charge and the rest energy per
unit charge of the charged particles in volts, 8 is the
ratio of the veleelty of said charged particles to the
velocity of light in vacue, r, is the inner radius of said
evacuated tubular member in centimeters, H, is the
coercive force of the magnetic material of said evacuated
tubular member in oersteds, and A is the wavelength
associated with the periodicity along said axis of said
azimuthal component of the magnetic flux density.

3. Apparatus for the acceleration cf charged particles
along a substantially circular but open orbit, comprising
an evacuated torcidal sheath of conductive material
which 1s severed to provide at least one gap; means for
producing an electric field across said gap which is
adapted to accelerate charged particles: an evacuated
tubular member which is permanently magnetized in
such a manner that the azimuthal component, with respect
to the longitudinal axis of said evacuated tubular mem-
ber, of the magnetic flux density therein increases in
magnitude with increasing distance from said axis and is
an alternating and periodic function of position .along
said axis and azimuthal position with respect to said axis,
sald tubular member being coiled in substantially helical
form within said evacuated toroidal sheath and being
severed at said gap, the periodicity along said axis of
said azimuthal component -of the magnetic flux density
being characterized by a wavelength which is not more
than 2#r,(0.448V/150H ;) ", said axis being a line
whose rtadius of curvature throughout the length of said
evacuated tubular member is greater than r,(BV/12H )2,
where V 1s the sum of the kinetic energy per unit charge
and the rest energy per unit charge of the charged parti-
cles in volts, g is the ratio of the velocity of said charged
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particles to the velocity of light in vacuo, 7, is the inner
radius of said evacuated tubular member in centimeters,
H, is the coercive force of the magnetic material of said
evacuated tubular member In oersteds, and A is the wave-
length associated with the periodicity along said axis of
said azimuthal component of the magnetic flux density,
and means for injecting charged particles into said evacu-
ated tubular member along said axis. |

6. Apparatus for the acceleration of charged particles
along a substantially circular but open orbit, comprising
an evacuated toroidal sheath of conductive material which
is severed to provide at least one gap; means for produc-
ing an alternating magnetic flux which links said toroidal
sheath, whereby an alternating electric field is produced
across said gap which is adapted to accelerate charged
particles; an evacuated tubular member which 1s perma-
nently magnetized in such a manner that the azimuthal
component, with respect to the longitudinal axis of said
evacuated tubular member, of the magnetic flux density
therein increases in magnitude with increasing distance
from said axis and is an alternating and periodic function

of position along said axis and azimuthal position with

respect to said axis, said tubular member being coiled in
substantially helical form within said evacuated toroidal
sheath and being severed at said gap, the periodicity along
said axis of said -azimuthal component of the magnetic
flux density being characterized by a wavelength which
is not more than 2#7,(0.448V/150Hr,) *, said axis being
a line whose radius of curvature throughout the length
of said evacuated tubular member is greater than
r (BV/12H )2, where V is the sum of the kinetic energy
per unit charge and the rest energy per unit charge of the
charged particles in volts, 8 is the ratio of the velocity
of said charged particles to the velocity of light in vacuo;
r, is the inner radius of said evacuated tubular member in
centimeters, H, is the coercive force of the magnetic
material of said evacuated tubular member in oersteds,
and A is the wavelength associated with the periodicity
along said axis of said azimuthal component of the mag-
netic flux density, and means for injecting charged parti-
cles into said evacuated tubular member along said axis.

7. Apparatus for the acceleration of charged particles
along a substantially circular but open orbit, comprising
an evacuated toroidal sheath of conductive material
which is severed to provide at least one gap; at least
one conductive member electrically bridging said gap,
said conductive member being adapted to cooperate with
said evacuated toroidal sheath to form a resonant cavity
suitable for providing a high-frequency alternating elec-
tric field across said gap which is adapted to accelerate
charged particles; means for exciting said resonant cavity;
an evacuated tubular member which is permanently mag-
netized in such a manner that the azimuthal component,
with respect the longitudinal axis of said evacuated tubu-
lar member, of the magnetic flux density therein increases
in magnitude with increasing distance from said axis and

is an alternating and periodic function of position along

said axis and azimuthal position with respect to said
axis, said tubular member being coiled in substantially

helical form within said evacuated toroidal sheath and

being severed at said gap, the periodicity along said axis
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of said azimuthal component of the magnetic flux density .

being characterized by a wavelength which is not more
than 2#r,(0.448V/150H ) *, said axis being a line whose

radius of curvature throughout the length of said evacu-~

ated tubular member is greater than r,(8V/12H:\)2,
where V is the sum of the kinetic energy per unit charge
and the rest energy per unit charge of the charged parti-
cles in volts, 8 is the ratio of the velocity of said charged
particles to the velocity of light in vacuo, r, is the inner
radius of said evacuated tubular member in centimeters,
H, is the coercive force of the magnetic material of said
evacuated tubular member in oersteds, and A is the wave-
length associated with the periodicity along said axis of
said azimuthal component of the magnetic flux density,
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and means for injecting charged particles into said evacu-
ated tubular member along said axis. e
8. Apparatus for the transmission of power compris-
ing in combination a power-transmitting transformer unit
adapted to convert the output of an alternating-current
power source into a pulsed beam of fast charged particles;
at least one power-consuming transformer unit adapted
to derive alternating-current power from said pulsed beam
of fast charged particles, a transmission line adapted to
guide said pulsed beam of fast charged particles from said
power-transmitting trapsformer unit to said power-con-
suming transformer unit and back to said power-trans-
mitting transformer unit, and means for returning at least
a part of the kinetic energy of said pulsed beam of fast
charged particles to said alternating-current power source.
9. Apparatus for the transmission of power compris-
ing in combination a plurality of power-transmitting trans-
former units each of which is adapted to convert the
output of an. alternating-current power source into a
pulsed beam of fast charged particles; power-consuming
transformer units adapted to derive alternating-current
power from said pulsed beams of fast charged particles,
a plurality of transmission lines each of which is adapted
to guide one of said pulsed beams of fast charged par-
ticles from one of said power-transmitting transformer
units to at least one of said power-consuming transformer
units and back to one of said power-transmitting trans-
former units, and means for returning at least a part of
the kinetic energy of each of said pulsed beams of fast -
charged particles to one of said alternating-current power

SOUICES. | | | o |
10. A power-transmitting transformer unit for the con-

version of -alternating-current power into a pulsed beam
of fast charged particles suitable for transmission fo at

least one remote power-consumption unit and return

therefrom via a transmission line adapted to guide said
pulsed beam of fast charged particles, comprising In com-
bination: an evacuated toroidal sheath of conductive
material which is severed to provide at least one gap;
means for producing an alternating magnetic flux which
links said toroidal sheath, whereby an alternating electric
field is produced across said gap which is adapted to
accelerate charged particles along a first substantially cir-
cular but open orbit; a first evacuated tubular member
which encloses said first orbit; means for injecting charged
particles into said first evacuated tubular member along
said first orbit; means for ejecting charged particles from
said first evacuated tubular member after acceleration
thereof and directing said charged particles into one end
of said transmission line; a second evacuated tubular
member which encloses a second substantially circular
but open orbit; means for directing the charged particles

returning as a pulsed beam from the other end of said

transmission line into said second evacuated tubular mem-
ber along said second orbit; the length of said transmis-
sion line being such that said alternating electric field
decelerates said returning charged particles; each of said

evacuated tubular members being permanently mag-
netized in such a manner that the azimuthal component,
with respect to each orbit respectively, of the magnetic
flux density therein increases in magnitude with increas-
ing distance from said orbit and is an alternating and
periodic function of position along said orbit and azi-

muthal position with respect to said orbit, each of said
evacuated tubular members being coiled in substantially
helical form within said evacuated toroidal sheath and
being severed at said gap, the periodicity along said orbit
of said azimuthal component of the magnetic flux density
being characterized by a wavelength which is not more
than 2m,(0.448V/150Hr,)*, said orbit being a line
whose radius of curvature throughout the length of said

evacuated tubular member is greater than r,(8V/12H )2,

where V is the sum of the kinetic energy per unit charge
and the rest energy per unit charge of the charged par-
ticles in volts, g is the ratio of the velocity of said
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charged particles to the velocity of light in vacuo, 7, is

the inner radius of said evacuated tubular member in

centtmeters, H, is the coercive force of the magnetic
matertal of said evacuated tubular member in oersteds,
and A is the wavelength associated with the periodicity
along said orbit of said azimuthal component of the mag-

netic flux density.
11, In combination, a plurahty of powerwtransmlttmb

transformer units for the conversion of alternating-current
power into a corresponding plurality of pulsed beams
of fast charged particles each of which is suitable for
transmission to at least one remote power-consumption
unit and return therefrom via a transmission line adapted
to guide said pulsed beam of fast charged particles, ecach
of said power-transmitting transformer units comprising
in combination: an evacuated toroidal sheath of conduc-
tive material which is severed to provide at least one gap;
means for producing an alternating magnetic flux which
links said toroidal sheath, whereby an alternating electric
field is produced across said gap which is adapted to
accelerate charged particles along a first substantially cir-
cular but open orbit; a first evacuated tubular member
which encloses said first orbit; means for injecting charged
particles into said first evacuated tubular member along
said first orbit; means for ejecting charged particles from
said first evacuated tubular member after acceleration
thereof and directing said charged particles into one end
of one of said transmission lines; a second evacuated
tubular member which encloses a second substantially
circular but open orbit; means for directing the charged
particles returning as a pulsed beam from another end
of one of said transmission lines into said second evac-
uated tubular member along said second orbit; the length
of said transmission lines being such that said alternating
electric field decelerates said returning charged particles;
each of said evacuated tubular members being perma-
nently magnetized in such a manner that the azimuthal
component, with respect to each orbit respectively, of the
magnetic flux density therein increases in magnitude with
increasing distance from said orbit and is an alternating
and periodic function of position along said orbit and
azimuthal position with respect to said orbit, each of said
evacuated tubular members being coiled in substantially
helical form within said evacuated toroidal sheath and
being severed at said gap, the periodicity along said orbit
of said azimuthal component of the magnetic flux den-
sity being characterized by a wavelength which is not
more than 2xr,(0.448V/150H r,)*, said orbit being a
line whose radius of curvature throughout the length of
said evacuated tubular member is greater than
ro(BV/12H ) )2, where V is the sum of the kinetic energy
per unit charge and the rest energy per unit charge of
the charged particles in volts, 8 is the ratio of the veloc-
ity of said charged particles to the velocity of light in
vacuo, r, 1s the inner radius of said evacuated tubular
member in centimeters, H, is the coercive force of the
magnetic material of said evacuated tubular member in
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oersteds, and N is the wavelength associated with the
periodicity along said orbit of said azimuthal component
of the magnetic flux density.
- 12, A transformer unit for the derivation of alternat-
ing-current power from a pulsed beam of fast charged
particles comprising in combination an evacuated toroidal
sheath of conductive material which is severed to provide
at least one gap; an evacuated tubular member which
encloses a substantially circular but open orbit and which
1s coiled in substantially helical form within said evac-
uated toroidal sheath and is severed at said gap; said
evacuated tubular member being permanently magnetized
in such a manner that the azimuthal component, with
respect to said orbit, of the magnetic flux density therein
increases in magnitude with increasing distance from
sald orbit and is an alternating and periodic function of
position along said orbit and azimuthal position with
respect to said orbit, the periodicity along said orbit of
said azimuthal component of the magnetic flux density
being characterized by a wavelength which is not more
than 27r,(0.448V/150H.r,) %, said orbit being a line
whose radius of curvature throughout the length of said
evacuated tubular member is greater than »,(BV/12H )2,
where V is the sum of the kinetic energy per unit charge
and the rest energy per unit charge of the charged par-
ticles in volts, 8 is the ratio of the velocity of said charged |
particles to the velocity of light in vacuo, r, is the inner
radius of said evacuated tubular member in centimeters,
H, is the coercive force of the magnetic material of said
evacuated tubular member in oersteds, and A is the
wavelength associated with the periodicity along said
orbit of said azimuthal component of the magnetic flux
density; means for directing said pulsed beam of fast
charged particles into said evacuated tubular member
along said orbit, whereby the motion of said pulsed beam
across said gap induces an alternating magnetic flux which
links said toroidal sheath; and a power-consuming circuit
including a coil linking sald alternating magnetic flux 50
as to derive power therefrom.

13. Apparatus in accordance with claim 12, wherein
said power-consuming circuit includes a capacitance
which resonates with said coil to provide a sinusoidal
output, despite the pulsed nature of said pulsed beam.
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